LiNbO 3 thin films were grown by rf magnetron sputtering on (0001)-GaN templates and AlGaN/ GaN structures. The films were characterized by four-circle x-ray diffraction, atomic force microscopy (AFM), and transmission electron microscopy (TEM). No second phases, such as a Li-excess or Li-deficient phase, were detected by -2 scans and the films were highly (0001) textured. LiNbO 3 ͕2024͖ -scans and the electron diffraction pattern show that the films were epitaxially grown on GaN with crystallographic registry. The LiNbO 3 c-plane was parallel to the c-plane of the GaN, but there was a 30°in-plane rotation between the LiNbO 3 and GaN so that ͓1100͔ LiNbO 3 ʈ ͓1120͔ GaN͑AlGaN͒ and the LiNbO 3 films had two variants of grains rotated 60°in-plane to each other. It was confirmed by high resolution TEM that there was a transition layer between LiNbO 3 and GaN. The films were annealed to improve the crystallinity and following annealing investigated using convergent beam electron diffraction (CBED) to determine the polarity. The films grow with a spontaneous polarization vector opposite to that of the underlying GaN film.
I. INTRODUCTION
Lithium niobate ͑LiNbO 3 ͒ has long been investigated because of its large pyroelectric, piezoelectric, electro-optic, and photoelastic coefficients, 1 and LiNbO 3 thin films have been extensively studied over the last decade. Most of the studies on LiNbO 3 have been driven by optical applications such as waveguides and second harmonic generation (SHG) or surface acoustic wave (SAW) filters. The utilization of the polar nature of LiNbO 3 has also been explored in electronic devices with the application of LiNbO 3 as a gate dielectric to form metal-ferroelectric-semiconductor (MFS) structures on silicon. 2, 3 GaN has recently been established as the enabling material for green, blue, and ultraviolet optoelectronics. GaN is also an enabling material for high-temperature, high power electronic applications due to its wide band gap, high electron saturation velocity, and high breakdown voltage. The ability of the AlGaN/ GaN heterojuction to form a twodimensional electron gas (2DEG) with a sheet carrier concentration of ϳ1 ϫ 10 13 cm −2 and mobilities of ϳ1500 cm 2 V −1 s −1 has resulted in the development of heterostructure field effect transistors structures for application in future generation microwave power devices [4] [5] [6] The extremely high charge density at the AlGaN/ GaN interface is the result of polarization effects in the c-oriented AlGaN/ GaN system (in the wurtzite structure), and has been previously detailed. 7, 8 The total polarization-induced charge density in an AlGaN/ GaN structure is the sum of the polarization in the AlGaN, P͑AlGaN͒, and the polarization in the GaN, P͑GaN͒, = P͑AlGaN͒ − P͑GaN͒.
In the absence of an electric field, the total polarization in wurtzitic AlGaN/ GaN structures grown in the (0001) direction consists of piezoelectric (strain induced) polarization P PE and the spontaneous polarization P SP of the individual GaN and AlGaN layers. A 2.4% lattice mismatch at 300 K between AlN and GaN leads to piezoelectric polarization due to strain at the AlGaN/ GaN interface. The direction of the piezoelectric field is from the cation-terminated (0001) face to the anion-terminated ͑0001͒ face, and the field is given by
ͫ e 31 ͑x͒ − e 33 ͑x͒
where a͑x͒ and a͑0͒ are the Al x Ga 1−x N and GaN lattice constants, respectively, e 31 and e 33 are piezoelectric constants, and C 13 and C 33 are elastic constants. For cation-terminated (as is typically the case for MOCVD-grown) AlN and GaN layers, the spontaneous polarization is negative, or opposite to that of the growth direction for layers grown in the (0001)
direction. The spontaneous polarization increases in magnitude in going from GaN to AlN according to
where x is the Al mole fraction in the Al x Ga 1−x N layer. A schematic of the AlGaN/ GaN system and the corresponding polarization vectors is shown in Fig. 1 . The total polarization-induced charge density of these structures is given by
The tremendous benefit of incorporating a ferroelectric with a high spontaneous polarization with semiconductor structures, 9 and particularly for the AlGaN/ GaN system, 10, 11 has recently been shown theoretically. Adding a ferroelectric material with a high spontaneous polarization to an AlGaN/ GaN HEMT structure should result in an enhanced polarization-induced charge density and therefore an increased sheet charge in the 2DEG. LiNbO 3 is an excellent candidate for the polar material that could be incorporated with GaN HEMTs because of its high spontaneous polarization ͑0.7-0.8 C m −2 ͒ (Ref. 12) and rhombehedral crystal structure that should match with the wurtzite crystal structure of GaN. The lattice parameters of the two materials are a = 5.147 Å and c = 13.862 Å for LiNbO 3 and a = 3.189 Å, c = 5.185 Å for GaN. This corresponds to a lattice mismatch of ϳ6.8% between LiNbO 3 and GaN with a 30°rotation of the LiNbO 3 . Given a lattice mismatch this large, relaxed films can be expected. The discontinuity of the polarity at the LiNbO 3 / GaN (AlGaN) interface and high spontaneous polarization of LiNbO 3 is expected to further enhance or reduce the charge at the AlGaN/ GaN interface, depending on the polarization orientation of the LiNbO 3 film.
Recently the growth of GaN on LiNbO 3 substrates has been performed, with demonstration of polarity control of the GaN by controlling the polarity of the LiNbO 3 . 13 In this article the growth of LiNbO 3 on GaN and AlGaN/ GaN structures was performed to investigate the feasibility of incorporating LiNbO 3 as a polar material to induce additional charge at the AlGaN/ GaN heterointerface.
II. EXPERIMENTAL PROCEDURE
A radio-frequency (rf) magnetron sputtering system was used to grow the LiNbO 3 films. The 3 in. diam commercially available LiNbO 3 sputtering target contained 5 mol % excess Li 2 O. The substrates were positioned off-axis to the sputtering target and were rotated to ensure uniform heating and film thickness. The distance between the target center and the substrate was 4 in. 500 nm thick Ti films were evaporated on the backside of the LiNbO 3 and GaN/ Al 2 O 3 substrates for heat absorption during LiNbO 3 deposition.
To establish LiNbO 3 sputtering conditions, homoepitaxy on (0001)-LiNbO 3 single crystal substrates was first performed. Sputtering parameters such as gas mixture, gas pressure, substrate temperature, and rf power were varied in this optimization study. Once conditions were established for homoepitaxy, growth was performed on MOCVD-grown 2 µm thick (0001)-GaN templates as well as Al 0.33 Ga 0.7 N / GaN structures. Prior to LiNbO 3 deposition, the samples were cleaned using a standard degrease (acetone/isopropanol/ deionized water) followed by a 30 s dip in HCl:DI 1:3 for 30 s.
The films were characterized by x-ray diffraction (XRD) using a Philips MRD Pro, and atomic force microscopy (AFM) images were obtained with a Digital Instruments 3100. Conventional transmission electron microscopy (TEM) studies were performed with a JEOL 2000FX. Highresolution images and convergent beam electron diffraction (CBED) patterns were obtained with a JEOL 2010HR. The polarity of the films was investigated using an HF: HNO 3 etch as well as convergent beam electron diffraction (CBED).
III. RESULTS AND DISCUSSION
It has been shown that for nonoptimized growth conditions, a Li-excess phase ͑Li 3 NbO 4 ͒ or a Li-deficient phase ͑LiNb 3 O 8 ͒ can be detected in the LiNbO 3 films by x-ray -2 scans.
14 The (0006) LiNbO 3 x-ray diffraction peak is positioned at 2 ϳ 39°, while the ͑602͒LiNb 3 O 8 peak is positioned at 2 ϳ 38°and (222) Li 3 NbO 4 is positioned at 2 ϳ 37°in -2 scans. During growth optimizations (homoepitaxial growth studies) both Li-rich and Li-deficient phases were observed. It was possible to eliminate the Li-deficient or Li-excess second phases by varying the sputtering conditions. No (0006) x-ray peak separation in the -2 scans was observed for homoepitaxial films without a second phase peak. An example of each of these peaks is shown in Fig. 2 .
The full-width-at-half-maximum (FWHM) values of the rocking curve at the LiNbO 3 (0006) reflection and AFM images were compared to determine the optimized sputtering conditions. Outgrowths, of varied height and size, were observed in all of the homoepitaxial films by AFM and some films did not have a uniform surface morphology. The opti- 8 , was evident from the scan. Only the LiNbO 3 (0006) peak was observed in the -2 scan in addition to the GaN (0002) and Al 2 O 3 (0006) at 2 = 34.8°and 2 = 41.7°, respectively. The full width at half maximum (FWHM) of the rocking curve of the LiNbO 3 (0006) peak was 0.98°, as shown in Fig. 3(b) . A -2 scan of a LiNbO 3 /Al 0.33 Ga 0.67 N / GaN structure is shown in Fig. 3(c) and the corresponding LiNbO 3 (0006) rocking curve is shown in Fig. 3(d) . No peaks indicating the presence of Li deficient or Li rich phases were observed in the -2 scan of the LiNbO 3 film on AlGaN/ GaN. Only peaks corresponding to GaN (0002), AlGaN (0002), LiNbO 3 (0006), and Al 2 O 3 (0006) were observed. The rocking curve FWHM of the LiNbO 3 / AlGaN sample was 1.38°. Given the ϳ6.8% lattice mismatch between LiNbO 3 and GaN (with a 30°rotation of the LiNbO 3 ) in the (0001) plane, a relatively high mosaic for the LiNbO 3 film is not surprising.
The in-plane texture of the LiNbO 3 film on GaN was investigated by an x-ray -scan. The GaN ͕1012͖ and LiNbO 3 ͕2024͖ -scans shown in Figs. 4(a) and 4(b) , respectively, and the electron diffraction pattern ͑incident beam direction= GaN͓1120͔͒ shown in Fig. 4(c) indicate that the film grew epitaxially on GaN with crystallo- graphic registry. The LiNbO 3 c-plane was parallel to the c-plane of the GaN, but there was a 30°in-plane rotation between the two and the LiNbO 3 films had two variants of grains rotated 60°in-plane to each other. The in-plane relationship of the respective variants was ͓1100͔ LiNbO 3 ʈ ͓1120͔ GaN and ͓1010͔ LiNbO 3 ʈ ͓1210͔GaN. The close-packed anion lattices of the LiNbO 3 and GaN have registry and a 60°rotational variant results in an identical anion packing and thus a continuous anion lattice. Therefore the difference between the two rotations is due to the cation positions. A similar structure has been observed on epitaxial LiNbO 3 on Al 2 O 3 . 15 The number of variants doubles when the orientation of the c-axis [i.e., (0001) or ͑0001͒ orientation] is included. Only two of these variants are distinguishable in XRD patterns. 15 An example of a 60°rotational variant is shown in Fig. 5 . Figure 6 (a) is an atomic force microscopy (AFM) image of the LiNbO 3 film on GaN, while Fig. 6(b) is an AFM image of LiNbO 3 on AlGaN/ GaN. Outgrowths are evident in both images. Many more outgrowths are present on the LiNbO 3 / AlGaN/ GaN structure. It has been reported that outgrowths on LiNbO 3 films on (0001)-sapphire substrates are grains with polarization reversal (c-grains) that reduce the electrostatic energy of the film.
14 However, since GaN and AlGaN are polar materials while sapphire is not, the polar nature of the GaN and AlGaN/ GaN surface could affect the growth of the LiNbO 3 films. In fact, it was assumed that the spontaneous polarization of the GaN and AlGaN would affect the growth of the LiNbO 3 , and particularly the direction of the spontaneous polarization of the oxide.
The growth of c+ (that is, with the spontaneous polarization vector of the films pointing from the substrate to the surface of the films 14 ) on sapphire has been reported for both sputter deposited 14 and MOCVD grown films. 16 It has been well established that the c− face of LiNbO 3 etches much faster in HF and HF: HNO 3 than the c+ face. 14, 16, 17 The outgrowths of sputter deposited LiNbO 3 films on sapphire were shown to be c− grains in a c+ matrix by etching in HF.
14 To investigate the polarity of our films, the samples were etched in HF: HNO 3 and investigated with AFM following etching. AFM images following etching are shown in Figs. 6(c) and 6(d). The pit density in the etched films corresponds to the density of outgrowths prior to etching the films. The result supports our proposal that the outgrowths are c− grains and the matrix of the film is c+. To further investigate the polarity of the films, CBED was performed on the films and will be further discussed below.
High-resolution cross-sectional TEM images of the LiNbO 3 / GaN and LiNbO 3 / AlGaN interfaces are shown in Fig. 7 . A transition layer was observed at the interface be- tween LiNbO 3 and GaN as well as in the LiNbO 3 / AlGaN structure. From the diffraction pattern in Fig. 4(c) , it can be seen that despite the observation of an amorphous layer, the LiNbO 3 films grew epitaxially on the GaN with the epitaxial relationship ͓1100͔ LiNbO 3 ʈ ͓1120͔ GaN , confirming the relationship found by the x-ray -scans and possibly indicating that the amorphous layer was noncontinuous. The outgrowths were observed to be misaligned grains. The LiNbO 3 was completely removed from a LiNbO 3 / AlGaN/ GaN structure by etching in HF: HNO 3 and AFM was subsequently performed. The surface looked like a typical AlGaN surface, indicating that the transition layer was present completely in the LiNbO 3 layer and no interfacial reaction had occurred.
The crystal quality of the as-deposited LiNbO 3 was not high enough to perform CBED on the samples to confirm the polarization orientation. To improve the crystal quality, the LiNbO 3 / GaN structures were annealed in N 2 at 900°C for 1 min. XRD and TEM measurements showed that the crystal quality of the films was greatly improved by the anneal. The rocking curve FWHM was decreased from 0.92°prior to annealing to 0.36°following annealing. The transition layer at the interface was largely removed. Dark field TEM images showed that there were still some extended defects in the film and some amorphous regions that remained at the interface.
The improved crystal quality of the LiNbO 3 films made it possible to record CBED patterns. Further detail of the CBED experiments will be presented elsewhere. 18 As a separate determination of the film polarity, a series of CBED patterns were recorded at varying thicknesses. These images were compared to simulated CBED patterns. Companion samples of known polarity Ga-faced GaN films were also studied as a reference. Additionally, CBED patterns were taken of commercially available LiNbO 3 substrates of known polarity, both c+ and c−.
CBED images taken from the annealed LiNbO 3 film at different thicknesses as well as a LiNbO 3 substrate for reference and simulated images are shown in Fig. 8 . The substrate patterns are shown in Fig. 8(a) , while film thicknesses of 50 and 65 nm are shown in Figs. 8(b) and 8(c) , respectively. The measured patterns are on the left and the simulated patterns are on the right. The simulated patterns closely match the experimental pattern for both the substrate of known polarity and the measured films, verifying the polarity determination of the films using this method. It was found that the postannealed LiNbO 3 films that were grown on GaN were in the c+ orientation, confirming the etching results discussed above. Again, this orientation is with the spontaneous polarization vector pointing from the substrate to the surface of the film, 14, 19, 20 which is opposite the orientation of the spontaneous polarization orientation in GaN and AlGaN/ GaN structures grown by MOCVD (typically Ga-terminated). 7, 8 It has been reported that homoepitaxial MOCVD grown LiNbO 3 films have a c+ orientation regardless of the polarity of the LiNbO 3 substrate. 16 To investigate whether or not the substrate polarity affected the LiNbO 3 film polarity, homoepitaxial LiNbO 3 films were sputtered on substrates with c+ and c− orientations and CBED images were taken. The polarity of the films followed the polarity of the substrate, indicating that the orientation of the films was not an artifact of the deposition method.
For the materials system being considered, there are two competing effects that determine the orientation of the polarization in the LiNbO 3 crystal-the local ionic interactions of the first atomic layers with the underlying GaN (AlGaN) and the affinity of the film to follow the polarization direction of the substrate. A schematic of the c+ and c− orientations of LiNbO 3 is shown in Fig. 9 . In a LiNbO 3 / GaN͑AlGaN͒ structure, the first layer in the oxide will consist of oxygen atoms. The following stacking sequence of the cations will then determine the polarity of the film. In the c+ orientation, the Nb cations adjacent to the GaN are shifted above the center of the oxygen octahedra they are located in. In the c− orientation, the Nb cations are shifted below the center of the oxygen octahedra and therefore closer to the Ga cations. It is possible that the c+ orientation is more energetically favorable than the c− on a local scale than the LiNbO 3 film following the polarization of the underlying substrate due to the location of the Nb cation. The effects of the transition layer on the subsequent growth and orientation of the film is not currently understood.
Capacitors were formed on both AlGaN/ GaN samples as well as n-GaN samples. The charge in the LiNbO 3 / AlGaN/ GaN structures was reduced by approximately 50% compared to the structure without LiNbO 3 . The near-surface charge was reduced in the n-GaN structures as demonstrated by differentiation of the capacitance-voltage ͑C -V͒ curves. We have recently shown that GaN-based structures are sensitive to the plasma used during rfmagnetron sputtering of thin oxide films, 21 and it is likely that at least some of the charge modification in the samples was due to damage. Postdeposition annealing under the same conditions used above resulted in recovery of the nearsurface charge in the LiNbO 3 / n-GaN structure, indicating that the reduction in charge was due to damage rather than polarization effects. There was no change in charge in the AlGaN/ GaN structure following annealing. The magnitude of reduction in charge was larger than we have observed in other oxide/ AlGaN/ GaN structures, possibly indicating some polarization-induced effects in the charge. However, the growths performed here were also longer and at higher temperature than our previous growths, and both of these parameters seem to affect the amount of damage to the GaN during growth. Further analysis of electrical properties should be performed on structures grown using a nonenergetic growth technique so the effects of the deposition method can be removed from the results unambiguously.
IV. CONCLUSIONS
c-axis oriented LiNbO 3 thin films were epitaxially grown on (0001)-GaN templates and AlGaN/ GaN structures using RF magnetron sputtering system. The LiNbO 3 films were shown to be single phase by XRD analysis. Off-axis x-ray phi-scans showed the existence of LiNbO 3 grains that were rotated by 30°in-plane to the GaN substrate and that the LiNbO 3 contained two variants of grains rotated 60°relative to each other. AFM images showed that the LiNbO 3 films had outgrowths. A transition layer was observed between LiNbO 3 film and GaN in the cross-sectional TEM image. Etching as well as CBED was used to verify the polarity of the LiNbO 3 films, and that the films grew with a spontaneous polarization vector opposite to that of the underlying GaN film.
